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Abstract
Myelodysplastic syndromes (MDS) are clonal hematopoietic stem cell disorders characterized by abnormal
cellular differentiation and maturation with variable progression to acute leukemia. Over the last decade,
scientific discoveries have unraveled specific pathways involved in the complex pathophysiology of MDS.
Prominent examples include aberrations in cytokines and their signaling pathways (such as tumor necrosis
factor-alpha, interferon-gamma, SMAD proteins), mutations in genes encoding the RNA splicing machinery
(SF3B1, SRSF2, ZRSR2, and U2AF1 genes), mutations in genes disrupting the epigenetic machinery
(TET2, DNMT3A, DNMT3B, EZH2, ASXL1). In addition, abnormalities in regulatory T-cell dynamics and
atypical interactions between the bone marrow microenvironment, stroma and progenitor cells, and
abnormal maintenance of telomeres are also notable contributors to the complex pathogenesis of MDS.
These pathways represent potential targets for novel therapies. Specific therapies include drugs targeting
aberrant DNA methylation and chromatin remodeling, modulating/activating the immune system to
enhance tumor-specific cellular immune responses and reduce anomalous cytokine signaling, and blocking
abnormal interaction between hematopoietic progenitors and stromal cells.
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Introduction
Myelodysplastic syndromes (MDS) are clonal, heteroge-
neous, hematopoietic stem cell disorders characterized by
ineffective hematopoiesis, peripheral blood cytopenias, dys-
plasia in one or more myeloid cell lines, and an inherent risk
of transformation to acute myeloid leukemia (AML). De
novo MDS is usually a disorder of the elderly, commonly
presenting in the 7th decade of life (1). Several molecular
pathways have been implicated in the pathogenesis of MDS,
with somatic mutations evident in over 80% of patients (2).
Besides acquired somatic mutations, cytokine aberrations,
immune dysregulation, alterations in the bone marrow
microenvironment, abnormal RNA splicing, changes in
telomeres and epigenetic dysregulation also play an integral
role in the pathogenesis.
Cytokine aberrations
Transforming growth factor-beta (TGF-b) signaling
and the SMAD proteins
Aberrations in the production and signaling of cytokines,
such as tumor necrosis factor-alpha (TNF-a), TGF-b, inter-
feron-gamma (IFN-c), and interleukins (IL) have been
described in MDS. TGF-b exhibits myelosuppressive proper-
ties and stimulates autocrine production of other myelosup-
pressive cytokines (such as IL-6 and TNF-a). Ineffective
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hematopoiesis in MDS arises as a result of increased apop-
totic susceptibility and diminished sensitivity of bone mar-
row stem cells to growth factors (3, 4). These effects are
believed to be the result of the excess production of inﬂam-
matory cytokines and T-cell dysregulation along with abnor-
mal signaling, a ﬁnding most pronounced in lower-risk
patients with MDS (5, 6). TGF-b signal transduction is car-
ried out by phosphorylation of SMAD proteins (principally
SMAD2 and SMAD3), a class of intracellular proteins that
regulate gene expression and cellular events. SMAD2 has
been reported to be over-expressed in MDS progenitor cells.
In a report by Zhou et al. (7) in 2008, immunohistochemical
staining of progenitor cells from patients with MDS showed
an increased expression of activated/phosphorylated SMAD2
protein, with increased number of staining cells and
increased intensity of nuclear staining, in comparison with
progenitor cells from non-MDS controls. Not only this, but
gene expression proﬁling revealed a signiﬁcant upregulation
of the SMAD2 gene in MDS progenitors, a ﬁnding most
likely arising as a result of sustained TGF-b signaling. As
TGF-b ligand interaction with its receptor and the coupled
TGF-b receptor 1 kinase (TBR1-kinase) is responsible for
the activation/phosphorylation of SMAD2 for signal trans-
duction, manipulation of this interaction represents a poten-
tial therapeutic option for patients with MDS (4). Zhou
et al. (7) delivered short hairpin RNA (shRNA), an artiﬁcial
RNA molecule used for silencing gene expression, targeting
TBR1-kinase to MDS progenitors via lentiviral vectors.
Expression of shRNA resulted in down-regulation of TBR1-
kinase, leading to functional inhibition of the TBR1-kinase-
SMAD2 signal transduction pathway. MDS progenitor cells
expressing the anti-TBR1-shRNA showed resistance to
TGF-b-mediated anti-proliferative signals and formed larger
colonies of erythroid and myeloid cell lineages in vitro.
SMAD7, another SMAD protein, interacts with activated
TBR1 and blocks association and activation/phosphorylation
of SMAD2, thereby inhibiting TGF-b signaling. In another
study published by Zhou et al. (8) in 2011, gene expression
proﬁling showed markedly reduced SMAD7 in progenitor
cells isolated from MDS patients in comparison with non-
MDS controls, indicating SMAD7 downregulation to be
another mechanism of hematopoietic suppression via
unchecked TBR1-kinase-SMAD2 signal transduction. Chro-
mosomal deletions involving the SMAD7 gene, located on
the q-arm of chromosome 18, may be responsible for its
downregulation. In fact, -18/del(18q) were reported to be
commonly observed chromosomal abnormalities (up to 8%)
in multiple studies involving patients with MDS (9–11). As
discussed later in this review, abnormal DNA methylation
and epigenetic silencing are dominant pathological alter-
ations in MDS and it is likely that the SMAD7 gene may be
affected by this process in a subset of patients (12).
In the aforementioned studies, the effects of novel TBR1-
kinase inhibitors SD-208 and LY2157299 (galunisertib) on
MDS progenitors were also studied in vitro. Progenitors
from patients with low-risk MDS treated with various
cytokines in the presence of SD-208 showed a signiﬁcant
increase in erythroid and myeloid colony numbers, highlight-
ing the therapeutic potential of TBR1-kinase inhibition,
especially in patients with low-risk MDS (7). The same ﬁnd-
ings were evident in similar in vitro experiments using
galunisertib (8). These results indicate that inhibition of
TBR1-kinase abrogates the myelosuppressive effects of
sustained TGF-b signaling and SMAD2 activation by mim-
icking the effects of SMAD7. A recent study by Rodon
et al. (13) showed galunisertib to be well-tolerated and
effective in patients with malignant gliomas. Studies involv-
ing patients with MDS are warranted to determine whether
the in vitro effects of TBR1-kinase inhibition on MDS
progenitors are reproducible in vivo.
Additionally, other agents targeting the TGF-b/SMAD
pathway are currently being developed. ACE-001 (sotater-
cept) is a chimeric fusion protein that acts as an activin-
receptor type 2 ligand trap, antagonizing activin, and other
TGF-b ligands (14). ACE-536 (luspatercept) is another
fusion protein that is also an activin-receptor type 2 ligand
trap that preferentially targets growth differentiation factor
(GDF)-11 and GDF-8 (15). Both agents interfere with
downstream signaling cascades of their respective targets,
having pronounced inhibitory effects, especially on the
SMAD pathway (14). Sotatercept and luspatercept promote
late stage, erythropoietin-independent erythropoiesis and
red cell maturation, thereby alleviating red cell transfusion
dependence in low- and intermediate-risk MDS. Prelimi-
nary results from a clinical trial investigating luspatercept
(ClinicalTrials.gov: NCT01749514) demonstrated signiﬁcant
efﬁcacy in reducing red cell transfusion requirements in
low- and intermediate-risk patients with MDS (16). Similar
results were also reported for sotatercept (ClinicalTrials.-
gov: NCT01736683).
TNF-a, IFN-c, and B7-H1
As MDS progress, the progenitor cells become less suscepti-
ble to apoptosis and become phenotypically more immature
in comparison with non-clonal bone marrow progenitor cells.
B7-H1, an immune-inhibitory molecule induced by the pro-
longed presence of cytokines such as TNF-a and IFN-c, has
been implicated in this. B7-H1+ MDS progenitors are shown
to have greater proliferative capacity in comparison with
those that do not express B7-H1. Furthermore, B7-H1 sup-
presses T-cell expansion and blocks T-cell-mediated apopto-
sis of MDS blasts, a process noted to keep the proliferation
of the dysplastic clone in check early within the disease pro-
cess. Blasts from patients with high-risk MDS are also noted
to have increased expression of B7-H1 than those from low-
risk MDS (17). Nuclear factor-jB (NF-jB) transduces the
signal from TNF-a and IFN-c, leading to the production and
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expression of B7-H1 in MDS blasts. The NF-jB inhibitor
pyrrolidine dithiocarbamate has been shown to block this
signal transduction in vitro (17). Extensive in vitro and
in vivo studies may lead to development of pyrrolidine
dithiocarbamate as a targeted therapy for patients expressing
high levels of B7-H1, particularly those with high-risk dis-
ease and impending evolution toward AML.
Immune dysregulation
There is evidence for immune dysregulation and abnormal
dynamics between T-cell subtypes and their responses in
MDS. Regulatory T cells (CD4+, CD25+, FOXP3+) modulate
immunity by preventing over-exuberant immune activation
that may lead to autoimmunity. However, these cells also exhi-
bit detrimental effects on immune surveillance and anti-tumor
responses (18). A number of studies have shown polyclonal
expansion of CD4+ T cells with oligoclonal/monoclonal
expansion of CD8+ T cells and markedly decreased numbers
of regulatory T cells (CD4+, CD25+, FOXP3+) in low-risk
patients with MDS, leading to autoimmune cytotoxicity
against progenitor cells, myelosuppression, and ineffective
hematopoiesis (3). Conversely, the number of regulatory T
cells in late stage and high-risk MDS is markedly increased,
compromising the anti-tumor mechanisms of the immune sys-
tem and leading to immune escape and unchecked expansion
of the abnormal progenitor clone and eventual progression to
AML (18). Based on these observations, the role of immuno-
suppressive therapy (usually with anti-thymocyte globulin
and/or cyclosporine) and immunomodulatory agents (such as
thalidomide and lenalidomide) has been deﬁned in the treat-
ment of patients, particularly showing efﬁcacy in those with
low-risk and early-stage MDS (3, 19). Speciﬁc characteristics,
such as elevated serum thrombopoietin levels (20), positivity
for HLA-DR15 (21), presence of MDS progenitors deﬁcient in
glycosyl-phosphatidylinositol-anchored proteins (22), and loss
of the HLA-A allele due to uniparental disomy of the q-arm of
chromosome 6 (23) potentially predict a positive response to
immunosuppressive therapy in a subset of patients.
Activation of T lymphocytes results in the expression of
the immune-inhibitory molecule CTLA-4 on the cell surface.
CTLA-4 demonstrates greater avidity for B7 than the stimu-
latory molecule CD28, thus providing a checkpoint that pre-
vents uncontrolled T lymphocyte proliferation. Blocking
CTLA-4 with monoclonal antibodies and interfering with
this checkpoint has shown great enhancement of tumor-spe-
ciﬁc T lymphocyte expansion and killing in studies involv-
ing solid tumors (24). Although autoimmune phenomena
(especially involving the gastrointestinal tract) arise as com-
plications of this strategy, they are easily manageable with
additional therapies (24, 25). In the case of MDS, anti-
CTLA-4 therapy may remove the prohibiting checkpoints on
pre-existing T lymphocyte immunity against the abnormal
progenitor clone.
The highly promising results of ipilimumab in patients
with metastatic melanoma have provided a model for poten-
tial use of anti-CTLA-4 therapy in a wide variety of tumors.
Results of early phase 2 and phase 3 trials in a wide variety
of cancers have demonstrated feasibility, safety, and activity
of these agents, thus suggesting a potential therapeutic role
of anti-CTLA-4 therapy to be further investigated in MDS
(26, 27). There are currently two ongoing clinical trials
(ClinicalTrials.gov: NCT01757639, ClinicalTrials.gov:
NCT02530463) investigating the activity of ipilimumab (an
anti-CTLA-4 monoclonal antibody) against advanced stage
MDS.
Programmed cell death protein 1 (PD-1) is another inhibi-
tory molecule expressed by T lymphocytes. PD-1 also func-
tions as an immune checkpoint by inducing the apoptosis of
antigen speciﬁc T lymphocytes while inhibiting the apopto-
sis of regulatory T lymphocytes (28). This provides the basis
of using another class of drugs, PD-1 inhibitors, to enhance
immune system activation and increase anti-tumor activity of
T lymphocytes. Anti-PD-1 agents, such as the monoclonal
antibody nivolumab, have also shown remarkable response
rates and activity against several solid tumors (27, 29). Like
anti-CTLA-4 agents, anti-PD-1 inhibitors may also prove to
be beneﬁcial in MDS, improving responses and prolonging
survival. Currently, the efﬁcacy of nivolumab against MDS
is being investigated in an ongoing clinical trial (ClinicalTri-
als.gov: NCT02530463). Another anti-PD-1 monoclonal
antibody, pembrolizumab, is being studied in a phase 1
clinical trial involving patients with MDS and other
advanced hematologic malignancies (ClinicalTrials.gov:
NCT01953692).
Bone marrow microenvironment and stromal
cells
Abnormal bone marrow microenvironment and altered func-
tions of bone marrow stromal cells and mesenchymal stro-
mal cells play an important role in the pathogenesis of
MDS. Mesenchymal stromal cells in bone marrow samples
from patients with MDS have shown pronounced chromoso-
mal abnormalities and dysfunction (30). Similarly, bone mar-
row stromal cells derived from patients with MDS have
been shown to function abnormally, producing high levels
of inﬂammatory cytokines such as TNF-a and IL-6 (31).
These abnormalities in the microenvironment result in dis-
ruption of the integrity of normal hematopoiesis, leading to
an increased apoptotic index, aberrant cellular biology, and
dysplasia of bone marrow progenitor cells. An abnormal
microenvironment may also function as a milieu for selec-
tive expansion of the MDS clone and lead to disease pro-
gression (18). Based on these ﬁndings, therapeutic strategies
that target the interaction of abnormal cells with their
microenvironment may delay/halt disease progression and
increase the sensitivity of abnormal cells to other therapeutic
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agents. An example of such a strategy is blocking the inter-
action between the chemokine ligand CXCL12 and its recep-
tor CXCR4, which is a major mechanism of interaction
between cells and their microenvironment (32). However,
the effectiveness of this strategy has yet to be studied in
more detail.
Aberrant RNA splicing
Post-transcriptional premessenger RNA (pre-mRNA) pro-
cessing involves splicing to generate mature mRNA tran-
scripts for translation into functional proteins. The
spliceosome is composed of small nuclear ribonucleoproteins
(snRNPs) and other accessory proteins essential for spliceo-
some assembly, alternative splicing, and recognition of
spliceosome donor and acceptor sites (33). Somatic muta-
tions in genes encoding different spliceosome components
have been described in ~45–80% of patients with MDS (33,
34).
SF3B1 mutations are most frequent and exhibit a strong
correlation with the presence of bone marrow ring siderob-
lasts (35). Other mutations include SRSF2, ZRSR2, and
U2AF1 (33, 36). Majority of the spliceosome mutations lack
frameshift and nonsense changes, indicating either neomor-
phic (altered function) or gain-of-function alterations in
splicing proteins (3, 37). Hence, therapeutic inhibition of the
altered spliceosome may be an attractive choice for targeted
therapy.
Cellular senescence and telomeres
Cellular senescence is a process by which normal cells lose
their ability to divide after a speciﬁc number of cell divi-
sions. Senescence in the context of MDS is related to short-
ening of telomeres, which are repeat sequences of DNA
added to chromosomes by telomerase. MDS progenitor cells
have been shown to have abnormal shortening of telomeric
repeat sequences. Studies using southern blot, quantitative
polymerase chain reaction (PCR), multiplex-quantitative
reverse transcriptase-PCR, and ﬂow-FISH have shown large
reductions in telomere length in MDS blasts relative to cells
from healthy controls, with no correlation with gender or
age (38, 39). These studies have also shown large variations
in telomere length among MDS patients, with shorter telom-
ere length correlating with complex karyotypes, higher IPSS
scores, marked transfusion dependence, greater percentage of
bone marrow blasts, and higher risk of developing AML.
Telomerase mutations/polymorphisms can occur sporadically
in MDS. Notable mutations in this context affect the TERC
(telomerase RNA component), TERT (telomerase reverse
transcriptase component), RTEL1 and TINF2 genes, which
have been shown to affect the telomerase complex activity
and are correlated with shortened telomeres in patients with
MDS carrying the mutations (40–42), and may also be one
of the factors responsible for de novo MDS in younger
patients (43).
Data from a recent study involving mouse models of
MDS show that telomere dysfunction-induced DNA damage
brings about cellular events that affect several cellular pro-
cesses, including homogenous downregulation of genes
encoding the mRNA-spliceosome machinery, particularly the
SRSF2 gene (40). SRSF2 is an extensively studied splicing
factor playing an integral role in mRNA splicing (36). Treat-
ing the mouse models with VE-821, an ATR-kinase inhibi-
tor, leads to signiﬁcant improvement in mRNA splicing in
bone marrow progenitor cells, indicating an ATR-kinase-
mediated pathway is responsible for altering the expression
of splicing genes in cells with telomere dysfunction. Interest-
ingly, the same study showed that SRSF2 haploinsufﬁciency
resulted in increased number damaged DNA foci related to
telomere dysfunction, signifying that SRSF2 mutations/dele-
tions lead to abnormal splicing of mRNA transcribed by
genes responsible for telomere maintenance (40). These ﬁnd-
ings advocate a close relation between mRNA splicing and
telomere maintenance biology.
Telomere dysfunction-induced DNA damage was also
shown to selectively down-regulate the expression of genes
encoding the cohesin complex (RAD21, STAG1, SMC2, and
SMC5), which plays a key role in the detection and repair of
DNA postreplication and are commonly found to be mutated
in MDS and AML (40, 44).
DNA methylation and epigenetic silencing
Molecular events affecting the epigenetic regulation of genes
are also notable processes in the pathophysiology of MDS.
Hypermethylation of CpG islands within the promotor
regions of several genes, such as DNA repair genes, cell-
cycle regulators, and apoptotic genes, leads to epigenetic
silencing and is one of the most common molecular abnor-
malities in the pathogenesis and clonal evolution of MDS
(12, 45). In this context, TET2 is the most commonly
mutated epigenetic regulator gene in MDS (approximately
25% of patients) (46). TET2 encodes a protein involved in
demethylation of DNA by hydroxylating the modiﬁed DNA-
based methyl-cytosine to hydroxymethyl-cytosine and plays
an important role in normal hematopoiesis and stem cell dif-
ferentiation (47). To date, the prognostic relevance of TET2
mutations in MDS remains unclear (48). Recurrent mutations
involving the DNMT3A and DNMT3B genes (encoding
DNA-methyltransferases 3A and 3B, respectively, which
modulate epigenetic regulation via methylation of CpG
islands on DNA) are found in up to 8% of patients with
MDS and also correlate with worse overall survival and
accelerated transformation to AML (49). Mutations affecting
the isocitrate dehydrogenase (an enzyme responsible for the
oxidative decarboxylation of isocitrate to alpha-ketoglutarate)
genes, IDH1 and IDH2, are observed in 4–12% of patients
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with MDS. These mutations result in the accumulation of
(D)-2-hydroxyglutarate which inhibits the function of
enzymes that are dependent on alpha-ketoglutarate, leading
to hypermethylation of DNA and histones which results in
aberrant gene expression that can activate oncogenes and
inactivate tumor-suppressor genes (50). They are associated
with adverse prognosis in patients with MDS harboring these
mutations, especially in the IDH1 gene (49). Enhancer of
zeste homolog 2 (EZH2) is a histone-lysine N-methyltrans-
ferase that catalyzes the methylation of histone H3 at lysine
27 (51). EZH2 mutations occur in approximately 6% of
patients with MDS and are frequently observed in early-
stage, low-risk MDS while being exceptionally rare in AML,
which is an interesting ﬁnding considering the fact that EZH2
mutations predict adverse outcomes and reduced overall sur-
vival (52). The ASXL1 gene (a regulator of epigenetic mark-
ers and gene expression by interacting with polycomb-
complex proteins and various transcription activators and
repressors) (53) is another frequently mutated gene in MDS
(in 10–20% of patients) which shows a positive correlation
with shorter time to evolution into AML and shorter overall
survival (54).
Hypomethylating agents, such as 5-azacitidine and decita-
bine, inhibit DNA-methyltransferases 3A and 3B and are
currently US FDA approved for the management of MDS
(12, 45). IDH inhibitors have demonstrated good clinical
activity in patients with myeloid malignancies. Currently,
two IDH inhibitors, AG-120 targeting IDH1 and the AG-
221 targeting IDH2, are being investigated in clinical trials
(ClinicalTrials.gov NCT02074839 and ClinicalTrials.gov
NCT01915498, respectively). Preliminary results from these
two studies have shown clinical activity in AML patients.
AG-120 has shown complete response (CR) rates of 15%
and an overall response rate (ORR) of an encouraging 31%,
with responses lasting up to 11 months (55). Similarly,
AG221 has shown CR rates of 17% and ORR as high as
40%, with the duration of responses up to 15.7 months (56).
Both agents have proven to be well-tolerated with limited
side effect proﬁles in both ongoing clinical trials.
There are other agents targeting epigenetic dysregulation.
These include inhibitors of DOT1L (a H3K79 histone
methyltransferase), for example, EPZ004777 (57), and
lysine-speciﬁc demethylase 1 (LSD-1), for example,
GSK2879552 (58), which have shown activity in AML,
Figure 1 Key pathogenic mechanisms in the development of myelodysplastic syndromes and targeted therapies with novel agents.
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indicating that MDS may also be amenable to treatment with
these agents. Several inhibitors of bromodomain and extra-
terminal (BET) proteins, such as I-BET151, I-BET762, and
JQ1, have proven to be potential targeted therapies for
hematological malignancies (59). Currently, CPI-0610,
another BET inhibitor, is being investigated in a phase 1
study involving patients with AML, MDS, and myeloprolif-
erative neoplasms (ClinicalTrials.gov NCT02158858).
Other mechanisms
Several other mechanisms have been associated with the
pathogenesis of MDS. For example, iron dysregulation with
abnormal mitochondrial ferritin has been associated with
MDS, especially in the refractory anemia with ringed sider-
oblasts subtype (60, 61). Another mechanism is abnormal
control of apoptosis. Early-stage MDS shows an increase in
the expression of pro-apoptotic proteins, such as Bax and
Bad, which leads to widespread progenitor cell death and
may account for hypercellular marrow often seen in early-
stage disease. As MDS progresses, the abnormal clone
demonstrates overexpression of Bcl-2, an anti-apoptotic pro-
tein which is found to be high in late stage and high-risk
MDS (2, 60), accounting for unchecked proliferation of
MDS blasts and development of AML.
An understanding of these multiple mechanisms involved
in the pathogenesis in MDS will ultimately lead to opportu-
nities to develop targeted therapies. Targeted therapies
speciﬁc for these defects may possibly hold minimal side
effect proﬁles with impressive response rates, thereby
improving therapeutic outcomes and quality of life for
patients afﬂicted with MDS. Some of the pathways
discussed in this review are illustrated in Fig. 1.
Conflicts of interest
None.
Acknowledgements
None.
Sources of funding
None.
References
1. Sekeres MA. Epidemiology, natural history, and practice
patterns of patients with myelodysplastic syndromes in 2010.
J Natl Compr Canc Netw 2011;9:57–63.
2. Visconte V, Tiu RV, Rogers HJ. Pathogenesis of myelodys-
plastic syndromes: an overview of molecular and non-molecu-
lar aspects of the disease. Blood Res 2014;49:216–27.
3. Tefferi A, Vardiman JW. Myelodysplastic syndromes. N Engl
J Med 2009;361:1872–85.
4. Verma A, List AF. Cytokine targets in the treatment of
myelodysplastic syndromes. Curr Hematol Rep 2005;4:429–35.
5. Kordasti SY, Afzali B, Lim Z, et al. IL-17-producing CD4+
T cells, pro-inﬂammatory cytokines and apoptosis are
increased in low risk myelodysplastic syndrome. Br J Haema-
tol 2009;145:64–72.
6. Marcondes AM, Mhyre AJ, Stirewalt DL, Kim S-H, Dinarello
CA, Deeg HJ. Dysregulation of IL-32 in myelodysplastic syn-
drome and chronic myelomonocytic leukemia modulates apop-
tosis and impairs NK function. Proc Natl Acad Sci
2008;105:2865–70.
7. Zhou L, Nguyen AN, Sohal D, et al. Inhibition of the TGF-b
receptor I kinase promotes hematopoiesis in MDS. Blood
2008;112:3434–43.
8. Zhou L, McMahon C, Bhagat T, et al. Reduced SMAD7
leads to overactivation of TGF-b signaling in MDS that can
be reversed by a speciﬁc inhibitor of TGF-b receptor I kinase.
Cancer Res 2011;71:955–63.
9. Haase D, Germing U, Schanz J, et al. New insights into the
prognostic impact of the karyotype in MDS and correlation
with subtypes: evidence from a core dataset of 2124 patients.
Blood 2007;110:4385–95.
10. Heim S. Cytogenetic ﬁndings in primary and secondary MDS.
Leuk Res 1992;16:43–6.
11. Song LX, He Q, Zhang Y, Wu LY, Zhou LY, Zhang Z,
Zhang X, Yang LP, Chang CK. [Cytogenetic study of autoso-
mal monosomies among myelodysplastic syndrome patients].
Zhongguo Shi Yan Xue Ye Xue Za Zhi 2012;20:1410–3.
12. Jiang Y, Dunbar A, Gondek LP, Mohan S, Rataul M,
O’Keefe C, Sekeres M, Saunthararajah Y, Maciejewski JP.
Aberrant DNA methylation is a dominant mechanism in MDS
progression to AML. Blood 2009;113:1315–25.
13. Rodon J, Carducci M, Sepulveda-Sanchez JM, et al. Pharma-
cokinetic, pharmacodynamic and biomarker evaluation of
transforming growth factor-b receptor I kinase inhibitor, galu-
nisertib, in phase 1 study in patients with advanced cancer.
Invest New Drugs 2015;33:357–70.
14. Bulycheva E, Rauner M, Medyouf H, Theurl I, Bornh€auser
M, Hofbauer LC, Platzbecker U. Myelodysplasia is in the
niche: novel concepts and emerging therapies. Leukemia
2015;29:259–68.
15. Suragani RNVS, Cadena SM, Cawley SM, et al. Transform-
ing growth factor-b superfamily ligand trap ACE-536 corrects
anemia by promoting late-stage erythropoiesis. Nat Med
2014;20:408–14.
16. Platzbecker U, Germing U, Giagounidis A, et al. ACE-536
increases hemoglobin levels in patients with low or intermedi-
ate-1 risk myelodysplastic syndromes (MDS): preliminary
results from a phase 2 study. Haematologica 2014;99:500–
500.
17. Kondo A, Yamashita T, Tamura H, et al. Interferon-c and
tumor necrosis factor-a induce an immunoinhibitory molecule,
B7-H1, via nuclear factor-jB activation in blasts in myelodys-
plastic syndromes. Blood 2010;116:1124–31.
318 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
Molecular pathophysiology of MDS Zahid et al.
18. Kotsianidis I, Bouchliou I, Nakou E, et al. Kinetics, function
and bone marrow trafﬁcking of CD4+ CD25+ FOXP3+ regu-
latory T cells in myelodysplastic syndromes (MDS). Leukemia
2009;23:510–8.
19. Castelli R, Cassin R, Cannavo A, Cugno M. Immunomodula-
tory drugs: new options for the treatment of myelodysplastic
syndromes. Clin Lymphoma Myeloma Leuk 2013;13:1–7.
20. Seiki Y, Sasaki Y, Hosokawa K, Saito C, Sugimori N,
Yamazaki H, Takami A, Nakao S. Increased plasma throm-
bopoietin levels in patients with myelodysplastic syndrome: a
reliable marker for a benign subset of bone marrow failure.
Haematologica 2013;98:901–7.
21. Saunthararajah Y, Nakamura R, Nam J-M, Robyn J, Loberiza
F, Maciejewski JP, Simonis T, Molldrem J, Young NS,
Barrett AJ. HLA-DR15 (DR2) is overrepresented in
myelodysplastic syndrome and aplastic anemia and predicts a
response to immunosuppression in myelodysplastic syndrome.
Blood 2002;100:1570–4.
22. Calado RT, ed. Immunologic aspects of hypoplastic
myelodysplastic syndrome. Semin Oncol; 2011;38:667–72.
23. Katagiri T, Sato-Otsubo A, Kashiwase K, et al. Frequent loss
of HLA alleles associated with copy number-neutral 6pLOH
in acquired aplastic anemia. Blood 2011;118:6601–9.
24. K€ahler KC, Hauschild A. Treatment and side effect manage-
ment of CTLA-4 antibody therapy in metastatic melanoma. J
Dtsch Dermatol Ges 2011;9:277–86.
25. Aggarwal S, van de Loosdrecht AA, Alhan C, Ossenkoppele
GJ, Westers TM, Bontkes HJ. Role of immune responses in
the pathogenesis of low-risk MDS and high-risk MDS: impli-
cations for immunotherapy. Br J Haematol 2011;153:568–81.
26. Calabro L, Danielli R, Sigalotti L, Maio M. Clinical studies
with anti-CTLA-4 antibodies in non-melanoma indications.
Semin Oncol 2010;37:460–67.
27. Sharma P, Wagner K, Wolchok JD, Allison JP. Novel cancer
immunotherapy agents with survival beneﬁt: recent successes
and next steps. Nat Rev Cancer 2011;11:805–12.
28. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in
tolerance and autoimmunity. Immunol Rev 2010;236:219–42.
29. Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity,
and immune correlates of anti-PD-1 antibody in cancer. N
Engl J Med 2012;366:2443–54.
30. Wang J, Xiao Z. Mesenchymal stem cells in pathogenesis of
myelodysplastic syndromes. Stem Cell Investig 2014;1:16.
31. Flores-Figueroa E, Gutierrez-Espı́ndola G, Montesinos JJ,
Arana-Trejo RM, Mayani H. In vitro characterization of
hematopoietic microenvironment cells from patients with
myelodysplastic syndrome. Leuk Res 2002;26:677–86.
32. Domanska UM, Kruizinga RC, Nagengast WB, Timmer-
Bosscha H, Huls G, de Vries EGE, Walenkamp AM. A
review on CXCR4/CXCL12 axis in oncology: no place to
hide. Eur J Cancer 2013;49:219–30.
33. Lindsley RC, Ebert BL. Molecular pathophysiology of
myelodysplastic syndromes. Ann Rev Pathol 2013;8:21.
34. Graubert TA, Shen D, Ding L, et al. Recurrent mutations in
the U2AF1 splicing factor in myelodysplastic syndromes.
Nat Genet 2012;44:53–7.
35. Malcovati L, Papaemmanuil E, Bowen DT, et al. Clinical sig-
niﬁcance of SF3B1 mutations in myelodysplastic syndromes
and myelodysplastic/myeloproliferative neoplasms. Blood
2011;118:6239–46.
36. Yoshida K, Sanada M, Shiraishi Y, et al. Frequent pathway
mutations of splicing machinery in myelodysplasia. Nature
2011;478:64–9.
37. Look AT. Molecular pathogenesis of MDS. ASH Educ Pro-
gram Book 2005;2005:156–60.
38. Lange K, Holm L, Vang Nielsen K, Hahn A, Hofmann W,
Kreipe H, Schlegelberger B, Göhring G. Telomere shortening
and chromosomal instability in myelodysplastic syndromes.
Genes Chromosom Cancer 2010;49:260–9.
39. Rollison DE, Epling-Burnette PK, Park JY, et al. Telomere
length in myelodysplastic syndromes. Leuk Lymphoma
2011;52:1528–36.
40. Colla S, Ong DST, Ogoti Y, et al. Telomere dysfunction
drives aberrant hematopoietic differentiation and myelodys-
plastic syndrome. Cancer Cell 2015;27:644–57.
41. Jiang J, Kulasekararaj AG, Krishnamurthy P, et al. Telomere
length in MDS patients bone marrow is highly correlated with
complex cytogenetics, IPSS risk groups and transfusion
dependency. Blood 2011;118:1634–35.
42. Kirwan M, Vulliamy T, Marrone A, et al. Deﬁning the
pathogenic role of telomerase mutations in myelodysplastic
syndrome and acute myeloid leukemia. Hum Mutat
2009;30:1567–73.
43. Ueda Y, Calado RT, Norberg A, Kajigaya S, Roos Gr, Hell-
strom-Lindberg E, Young NS. A mutation in the H/ACA box
of telomerase RNA component gene (TERC) in a young
patient with myelodysplastic syndrome. BMC Med Genet
2014;15:68.
44. Kon A, Shih L-Y, Minamino M, et al. Recurrent mutations in
multiple components of the cohesin complex in myeloid neo-
plasms. Nat Genet 2013;45:1232–7.
45. Khan H, Vale C, Bhagat T, Verma A. Role of DNA methyla-
tion in the pathogenesis and treatment of myelodysplastic syn-
dromes. Semin Hematol 2013;50:16–37.
46. Langemeijer SMC, Kuiper RP, Berends M, et al. Acquired
mutations in TET2 are common in myelodysplastic syn-
dromes. Nat Genet 2009;41:838–42.
47. Cimmino L, Abdel-Wahab O, Levine RL, Aifantis I. TET
family proteins and their role in stem cell differentiation and
transformation. Cell Stem Cell 2011;9:193–204.
48. Smith AE, Mohamedali AM, Kulasekararaj A, et al. Next-
generation sequencing of the TET2 gene in 355 MDS and
CMML patients reveals low-abundance mutant clones with
early origins, but indicates no deﬁnite prognostic value. Blood
2010;116:3923–32.
49. Thol F, Weissinger EM, Krauter K Jr, et al. IDH1 mutations
in patients with myelodysplastic syndromes are associated with
an unfavorable prognosis. Haematologica 2010;95:1668–74.
50. Molenaar RJ, Radivoyevitch T, Maciejewski JP, vanNoorden
CJF, Bleeker FE. The driver and passenger effects of isocitrate
dehydrogenase 1 and 2 mutations in oncogenesis and survival
prolongation. Biochim Biophys Acta 2014;1846:326–41.
© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 319
Zahid et al. Molecular pathophysiology of MDS
51. Vire E, Brenner C, Deplus R, et al. The Polycomb group pro-
tein EZH2 directly controls DNA methylation. Nature
2006;439:871–4.
52. Bejar R, Stevenson K, Abdel-Wahab O, et al. Clinical effect
of point mutations in myelodysplastic syndromes. N Engl J
Med 2011;364:2496–506.
53. Gelsi-Boyer V, Brecqueville M, Devillier R, Murati A,
Mozziconacci M-J, Birnbaum D. Mutations in ASXL1 are
associated with poor prognosis across the spectrum of malig-
nant myeloid diseases. J Hematol Oncol 2012;5:12.
54. Thol F, Friesen I, Damm F, et al. Prognostic signiﬁcance of
ASXL1 mutations in patients with myelodysplastic syn-
dromes. J Clin Oncol 2011;29:2499–506.
55. de Botton BS, Pollyea DA, Stein EM, et al. Clinical safety
and activity of AG-120, a ﬁrst-in-class, potent inhibitor of the
IDH1 mutant protein, in a phase 1 study of patients with
advanced IDH1-mutant hematologic malignancies. Haemato-
logica 2015;100:214–15.
56. DiNardo C, Stein EM, Altman JK, et al. AG-221, an oral,
selective, ﬁrst-in-class, potent inhibitor of the IDH2 mutant
enzyme, induced durable responses in a phase 1 study of
IDH2 mutation-positive advanced hematologic malignancies.
Haematologica 2015;100:216–17.
57. Sarkaria SM, Christopher MJ, Klco JM, Ley TJ. Primary
acute myeloid leukemia cells with IDH1 or IDH2 mutations
respond to a DOT1L inhibitor in vitro. Leukemia
2014;28:2403–6.
58. Smitheman K, Cusan M, Liu Y, et al. Inhibition of LSD1
for the treatment of cancer. Cancer Res 2015;75 (Suppl.):
3513.
59. Chaidos A, Caputo V, Karadimitris A. Inhibition of bromod-
omain and extra-terminal proteins (BET) as a potential thera-
peutic approach in haematological malignancies: emerging
preclinical and clinical evidence. Ther Adv Hematol
2015;6:128–41.
60. Davids MS, Steensma DP. The molecular pathogenesis of
myelodysplastic syndromes. Cancer Biol Ther 2010;10:309–
19.
61. Tehranchi R, Invernizzi R, Grandien A, et al. Aberrant mito-
chondrial iron distribution and maturation arrest characterize
early erythroid precursors in low-risk myelodysplastic syn-
dromes. Blood 2005;106:247–53.
320 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
Molecular pathophysiology of MDS Zahid et al.
